Objective: Fibroblast growth factor 23 (FGF23), a phosphatonin, inhibits renal phosphate reabsorption and suppresses 1-a hydroxylase activity. Calcitriol stimulates FGF23 synthesis in bone. We aimed to determine the effect of vitamin D replacement therapy on serum FGF23 concentrations in vitamin Ddeficient women and to compare the FGF23 concentrations of vitamin D-deficient patients with healthy subjects and patients with genetically determined hypophosphatemic rachitis. Design and methods: The study group was composed of vitamin D-deficient females (nZ18, mean age 29.1G9.9 years), vitamin D-sufficient healthy females (control group; nZ19, mean age 28.5G5.2 years), and patients with genetically determined hypophosphatemic rachitis (nZ13, mean age 26.5 G15.1 years). The groups were compared for serum FGF23, 1,25-dihydroxyvitamin D3 (1,25(OH)2D), calcium, phosphate, bone turnover markers, intact parathyroid hormone (PTH), and urinary excretion of calcium and phosphate. The vitamin D-deficient group was re-evaluated after a standard treatment regimen. Results: Serum FGF23 concentrations were significantly lower in vitamin D-deficient patients than in vitamin D-sufficient women and hypophosphatemic rachitis group. Serum FGF23 and phosphate concentrations further decreased significantly during replacement of vitamin D (P!0.05). A significant negative correlation was evident between FGF23 and PTH before vitamin D replacement in the patients (rZK0.469, P!0.05). Conclusion: Decreased FGF23 concentrations, which further decline during vitamin D replacement therapy, may have favorable action on bone mineralization by counterregulatory effect on phosphate homeostasis. Lower 1,25(OH)2D concentrations at baseline and hypophosphatemia during treatment may have dominating effects on FGF23 concentrations in vitamin D deficiency, leading to decreased FGF23 concentrations at baseline and during replacement therapy.
Introduction
Studies of several renal phosphate wasting syndromes resulted in the identification of four factors with the predicted characteristics of phosphatonins, which are named as fibroblast growth factor 23 (FGF23), secreted frizzled related protein 4 (SFRP4), matrix extracellular phosphoglycoprotein (MEPE), and FGF-7. The FGF family consists of 22 members for various functions. FGF23 is a peptide released from bone tissue and osteogenic cells (1) . FGF23 is a possible phosphatonin and is a 32 kDa (251 amino acids) protein with an N-terminal region that contains the FGF homology domain and a specific 72-amino acid C-terminal fragment (2) (3) (4) (5) . It is represented as a hormone that acts in embryonic development, cellular differentiation, tissue repair, and tumor growth (6, 7) . Although FGF23 may affect kidney, parathyroid gland, and possibly the pituitary gland and choroid plexus, its major target tissue is kidney (8) . FGF23 is shown to be phosphaturic. FGF23 suppresses the expression of Na/P i -IIa and Na/P i -IIc cotransporters that mediate physiological phosphate uptake in renal proximal tubular epithelial cells. By inhibiting the Na/P i -dependent phosphate reabsorption in the proximal tubule, FGF23 can lead to urinary phosphate wasting (9, 10) . In addition, FGF23 suppresses the expression of 1-a hydroxylase and also enhances the expression of 24-hydroxylase, an enzyme that converts 1,25-dihydroxyvitamin D3 (1,25(OH)2D) into 24,25(OH)2D, which is a more hydrophilic metabolite with lesser biological activity. Therefore, bone mineralization reduces (10, 11) . Systemic factors that regulate serum FGF23 levels are 1,25(OH)2D and phosphate. In vivo studies showed a stimulatory effect of 1,25(OH)2D on circulating FGF23 levels (12) (13) (14) . No increase in FGF23 was observed after 1,25(OH)2D administration in vitamin D receptor-null mice. This result may support the stimulatory effect of 1,25(OH)2D on serum FGF23 concentrations (12) . In addition, increased FGF23 concentrations lead to decreased 1-a hydroxylase activity, leading to decreased 1,25(OH)2D production. Parathyroid hormone (PTH) has a stimulatory effect on FGF23 secretion (8) .
The hypophosphatemic diseases such as X-linked hypophosphatemia (XLH), autosomal dominant hypophosphatemic rachitis (ADHR), and tumor-induced osteomalacia represent similar clinical and biochemical properties; hypophosphatemia occurs likely due to abnormally low expression of proximal tubular NaP i -IIa cotransporters, inappropriately low or normal serum 1,25(OH)2D, normal serum calcium and PTH, increased serum phosphatonins such as FGF23, MEPE and SFRP4 levels, and impaired bone mineralization (7, 11, 15) .
It is possible that the resultant increase in serum phosphate concentrations after the administration of 1,25(OH)2D stimulates the release of FGF23, which in turn, reduces serum phosphate by promoting phosphaturia. In hyperphosphatemic states, elevated phosphate and FGF23 concentrations may inhibit 1-a hydroxylase (16) .
Although results of studies investigating the mechanism of bone-parathyroid-kidney axis are rising, FGF23 concentrations in vitamin D-deficient patients -in particular -are not examined. In this study, we aimed to determine the effect of vitamin D replacement therapy on serum FGF23 concentrations in vitamin D-deficient patients and to detect the relationships between concentrations of FGF23 and vitamin D metabolites and study parameters. In addition, we aimed to evaluate serum FGF23 concentrations in healthy vitamin D-sufficient subjects and in patients with genetically determined hypophosphatemic rachitis (autosomal dominant/X-linked).
Materials and methods

Study protocol
The study group consisted of three groups: vitamin D-deficient premenopausal females (group 1), vitamin D-sufficient healthy premenopausal females (control group-group 2), and patients with hereditary hypophosphatemic rachitis (group 3). Vitamin D-deficient female group was re-evaluated after vitamin D replacement treatment at sixth week.
Group 1 Eighteen premenopausal female patients (mean age 29.1G9.9 years) with a diagnosis of vitamin D deficiency were included in this group. Vitamin D deficiency was diagnosed according to the serum 25 hydroxy vitamin D3 (25OHD) concentrations (!30 ng/ml). Muscle weakness and generalized pain were the major complaints of all patients for admission to the hospital. All the patients in this group were evaluated systematically, no medical diagnosis other than vitamin D deficiency was noted. Reasons for vitamin D deficiency were verified as insufficient exposure to sunlight, frequent parturition, and prolonged lactation. Patients were physically stable, had no abnormal physical examination other than proximal muscle weakness, and took no medication known to affect bone metabolism. All these patients received a standard treatment regimen: vitamin D3 150 000 IU once for all and subsequently 880 IU D3C1000 mg calcium carbonate per day for 6 weeks. This group was also evaluated during replacement therapy at sixth week. Vitamin D deficiency was diagnosed according to the 25OHD concentrations.
Group 2 Nineteen healthy premenopausal women (with a mean age of 28.5G5.2 years; range 23-44 years) who had normal levels of serum 25OHD (O30 ng/ml) composed the control group.
Group 3 Thirteen patients with hypophosphatemic rachitis with a mean age of 26.5G15.1 years (three ADHR and ten XLH; nine females and four males) were included in this group. All patients were diagnosed during childhood.
Biochemical assays
Patients and controls attended the Endocrinology Clinic of Internal Medicine Department after an overnight fast of 12 h. The investigation was carried out on outpatient basis. Venous blood was obtained for measurements of creatinine, calcium, phosphate, total protein, albumin, intact PTH (iPTH), alkaline phosphatase (ALP), bone ALP (BALP), 1,25(OH)2D, FGF23 and procollagen type 1 N-terminal propeptide (P1NP), and 24-h urine samples were collected for measuring the daily excretions of calcium, phosphate and creatinine. Serum albumin-corrected calcium concentrations were used for statistical purposes.
Vitamin D status was evaluated by measurements of 25OHD levels by HPLC method using RECIPE kit (Munich, Germany). Level of 25OHD O30 ng/ml was suggested as normal, 20-30 ng/ml as vitamin D insufficiency, and !20 ng/ml as vitamin D deficiency (17) .
Although long half-life (y2 months) of vitamin D3 could not allow us to correctly re-evaluate the vitamin D status of the patients by measuring 25OHD six weeks after replacement, we also measured 25OHD concentrations at this time point to ensure replenishment (18) .
Blood samples for measuring BALP, 25OHD, 1,25(OH)2D, P1NP, and FGF23 were immediately centrifuged after collection and stored at K80 8C until assay. All other parameters were measured on the same day of collection. All biochemical analyses included measurements of creatinine, calcium, phosphate, total protein, albumin, and ALP on an autoanalyzer, Roche Modular System, D and P modules (Roche Diagnostics) using colorimetric methods, in the Central Laboratory of Biochemistry. iPTH concentrations were measured by electrochemiluminescence on Roche Modular System, E170 module (Roche Diagnostics).
Plasma FGF23 concentrations were measured by a commercial ELISA kit (Immutopics, Inc., San Clemente, CA, USA). The sensitivity of the assay, as determined by the 95% confidence limit on 20 duplicate determinations of the 0 pg/ml standard, was 1.0 pg/ml, and the intra-assay coefficient of variation was 4.4%.
Serum 1,25(OH)2D concentrations were measured by a commercial ELISA kit (Immunodiagnostic Systems (IDS) Ltd, Frankfurt, Germany). The sensitivity, defined as the concentration corresponding to the mean K2S.D. of 20 replicates of the zero calibrator, was 6 pmol/l (2.5 pg/ml), and the intra-assay variability was 9.3%.
Serum BALP concentrations were measured by a commercial immunoenzymetric assay kit (Ostease BAP, Immunodiagnostic Systems (IDS) Ltd). Reference interval was 11.6-29.6 U/l for women 18-44 years of age and 14.2-42.7 U/l for women older than 45 years. Intra-and inter-assay coefficients of variation were 2.6 and 3.7% respectively. Serum P1NP concentrations were measured using RIA (Orion Diagnostica, Espoo, Finland). Reference interval was 19-83 mg/l for premenopausal women and 16-103 mg/l for postmenopausal women. Intraand inter-assay coefficients of variation were 6.5 and 6.0% respectively.
Tubular maximum for phosphate corrected for glomerular filtration rate (TmP/GFR) is a factor independent of plasma phosphate and renal functions for assessment of renal phosphate handling. TmP/GFR is an index of renal threshold for phosphate with a normal range of 2.8-4.4 mg/dl and is calculated with a previously validated formula (19) :
where P is plasma and U is urine. The protocol was approved by the ethics committee of the Istanbul University, Istanbul Faculty of Medicine, and written informed consent was obtained from each subject. The present work was supported by the Research Fund of Istanbul University (Project No:573/05052006).
Statistical analyses
All statistical analyses were performed with SPSS v 11.0 (SPSS, Chicago, IL, USA). Descriptive statistical results are presented in the tables as the meansGS.D. Some of the study parameters significantly deviated from a normal distribution (creatinine, PTH, FGF23, BALP, and P1NP), by Kolmogorov-Smirnov test. Therefore, logarithmic transformations were applied for these parameters.
Kruskal-Wallis test was performed for ANOVA. For comparisons between the groups, Student's t-test was used. Comparisons between the patients at baseline and after the treatment were determined by paired t-test. Pearson correlation analysis was used to detect significant univariate relationships between the serum FGF23 levels and study parameters. All the tests were two sided, and a P value !0.05 was considered as significant.
Results
The study parameters of the groups are given in Table 1 . In group 1, mean 25OHD concentration was 8.0 G4.2 ng/ml. Twelve of the patients had 25OHD concentrations !10 ng/ml; six of them had 25OHD concentrations between 10 and 20 ng/ml. After the standard treatment regimen, serum 25OHD concentration of group 1 increased to 15.1G6.1 ng/ml at sixth week. Serum calcium, 1,25(OH)2D, and FGF23 concentrations were significantly lower, whereas serum PTH, ALP, and BALP concentrations were significantly higher in vitamin D-deficient patients (group 1) than in healthy women.
Group 3 comprised of 13 patients with genetically determined hypophosphatemic rachitis. Ten of thirteen patients were XLH and the members of the same family, and the others were ADHR. The highest mean serum FGF23 and lowest mean TmP/GFR levels were detected in this group. Only 4 of 13 patients were on calcitriol and oral phosphate treatment. In the treated group, serum FGF23 concentration was non-significantly lower than in the untreated patients (data not shown).
Biochemical changes in group 1 with administration of vitamin D and calcium are given in Table 2 (and Fig. 1 ). After vitamin D3C calcium replacement, serum calcium, 25OHD, 1,25(OH)2D concentrations and urinary calcium excretion were significantly increased, while serum phosphorus, iPTH, ALP, BALP, and P1NP concentrations were significantly decreased. Also we found a significant decrease in serum FGF23 concentrations after replacement therapy. Urinary phosphate excretion and TmP/GFR did not differ significantly before and after replacement therapy.
Control group and group 1 data before and after vitamin D replacement were analyzed separately and together to detect possible correlations between FGF23 concentrations and study parameters. A significant positive correlation was found between FGF23 and serum calcium concentrations in pre-/post-treatment groups and in combined group. In patients of group 1, www.eje-online.org FGF23 showed significant negative correlation with PTH before vitamin D replacement. In the control group, FGF23 was positively correlated with age and P1NP (Table 3) . Serum 25OHD concentrations correlated significantly and positively with 1,25(OH)2D concentrations before treatment and in the combined pre-and post-treatment group (rZ0.598, PZ0.009; rZ0.494, PZ0.009 respectively).
Discussion
The main findings of this study are as follows: i) FGF23 concentrations are significantly lower in vitamin D-deficient women than in vitamin D-sufficient healthy women, ii) FGF23 concentrations decreases after vitamin D replacement therapy in vitamin D-deficient otherwise healthy women. In addition, a significant negative correlation was evident between FGF23 and PTH concentrations in vitamin D-deficient women at baseline. Measurement of plasma FGF23 concentrations by ELISA helps to detect increased FGF23 concentrations in association with genetically determined hypophosphatemic disorders.
Relationship between 1,25(OH)2D concentration and FGF23 synthesis was obtained from animal models. 1,25(OH)2D was observed to up-regulate FGF23 gene expression in bone (1, 13, 20) . Liu et al. (13) reported that calcitriol stimulates FGF23 synthesis in bone, and FGF23 may act as a counterregulatory phosphaturic hormone to maintain phosphate homeostasis in response to vitamin D. Decreased FGF23 concentrations in vitamin D-deficient women at baseline in this study could be explained by the lower 1,25(OH)2D concentrations leading to decreased FGF23 synthesis in bone. Extracellular phosphate induces FGF23 mRNA expression in osteoblast-like cells (21) . In vitamin D deficiency states, decreased serum phosphate concentrations may also lead to decreased FGF23 synthesis in bone at baseline. But our vitamin D-deficient patients have phosphate concentrations similar to controls at baseline. FGF23 is known to inhibit 1-a hydroxylase activity leading to decreased 1,25(OH)2D concentrations. This may indirectly stimulate PTH synthesis. In addition FGF23 is reported to directly influence parathyroid gland, leading to decreased PTH synthesis and secretion (22) . Resistance to inhibitory action of FGF23 on PTH secretion is reported in patients with chronic renal failure and suggested to have a role in secondary hyperparathyroidism of chronic renal failure (23 (26) . Increased FGF23 concentrations after treatment may further worsen bone healing in osteomalacia leading to further loss of phosphate by kidney.
In our healthy control group, significant positive associations were observed between FGF23 and age and P1NP, an osteoclast marker. In patients, serum calcium concentrations correlated significantly and positively with FGF23 both before and during treatment. Increased FGF23 concentrations during aging may reflect the decreased renal phosphate clearance due to aginginduced decrease in GFR. Vitamin D increases both osteoclast differentiation and FGF23 synthesis by osteoblasts (1) . Correlation between FGF23 and P1NP may reflect the effects of calcitriol in bone in healthy subjects.
In conclusion, we suggest that decreased FGF23 concentrations, which further decline during vitamin D replacement therapy, have favorable action on bone mineralization by opposing effect on hypophosphatemia. 
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